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Abstract 

The  impedance  spectra  of  Li-ion  batteries  as  a  function  of  the  number  of  charge-discharge  cycles  have  been  measured  to  study  the  cycle 
life  of  the  commercial  Li-ion  battery  (prismatic  Sanyo  UF653467)  during  cycling  at  1  C  charge-discharge  rate.  The  individual  electrodes  in 
the  batteries  have  been  examined  using  XRD,  transmission  electron  microscopy  (TEM)  and  SEM.  The  results  show  that  the  Nyquist  plots  of 
commercial  lithium-ion  batteries  are  comprised  of  an  inductive  tail  at  high  frequency  followed  by  two  semicircles  at  medium  and  low 
frequencies.  The  size  of  the  semicircles  at  low  frequency  increase  during  cycling  due  to  the  increase  in  interfacial  resistances  of  both 
cathode  and  anode.  Thus,  it  may  be  used  to  predict  the  cycle  life  of  the  battery.  XRD,  TEM  and  SEM  studies  of  the  individual  electrodes 
show  that  the  cation  disorder,  microcracks  of  the  LiCoCL  particles  in  the  cathode  and  the  increase  in  thickness  of  the  passive  film  on  the 
anode  due  to  the  reduction  of  the  electrolyte  are  linked  to  the  capacity  fade  of  the  battery  during  cycling.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

Numerous  electrode  materials  have  been  developed 
since  the  first  commercial  lithium-ion  battery  introduced 
in  1990  [1,2].  Commercial  lithium-ion  batteries  often 
employ  layered  LiCoCL  as  the  cathode  material  and  gra- 
phitized  carbon  as  the  anode  material  because  of  high 
working  voltage  and  cell  stability  [3].  During  the  charge 
and  discharge  process,  the  lithium  ions  are  reversibly  dein- 
tercalated  and  intercalated  between  the  cathode  and  the 
anode  through  a  non-aqueous  electrolyte,  which  can  be 
represented  as  [4]: 

charge 

LiCo02  4-  Cg  ^  Lii_xCo02  ~\~  Li^Cg  (1) 

discharge 

In  the  fully  charged  state,  the  potential  of  the  cathode  is 
4.1  V  and  the  lithiated  graphite  is  nearly  0  V  with  respect  to 
lithium  metal.  The  cathode  material  in  this  state  has  the 
composition  Lio+CoCL  and  retains  the  same  layered  struc¬ 
ture  as  LiCoCL  [5].  Thus  the  lithium-ion  batteries  with  this 
configuration  should  retain  high  capacity  except  when  the 
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irreversible  structural  and  morphological  changes  take  place 
in  the  electrode  materials. 

However,  the  capacity  retention  and  lifetime  of  the 
lithium-ion  battery  depend  on  the  structural  stability  of 
electrode  materials,  the  electrochemical  behavior  of  the 
electrodes  and  internal  structural  stability  of  the  battery. 
They  involve  Li4  diffusion  within  the  electrolyte  and  elec¬ 
trode,  ohmic  drop,  electrolyte  decomposition,  and  interfacial 
properties  between  the  electrode  and  electrolyte  [6].  Thus, 
the  battery  will  lose  capacity  gradually  during  cycling  even 
under  normal  operating  conditions  [7].  At  higher  charge- 
discharge  rates,  the  capacity  degradation  is  accelerated. 

Impedance  spectroscopy  is  a  nondestructive  technique 
and  can  be  used  to  provide  important  electrochemical 
parameters  of  the  sealed  battery,  such  as  charge  transfer 
resistance  and  double  layer  capacitance,  which  are  useful 
to  evaluate  the  battery  performances  [5,8],  For  example, 
Rodrigues  et  al.  were  able  to  predict  the  state-of-charge 
(SOC)  of  the  lithium-ion  battery  by  impedance  measure¬ 
ments  [9].  In  this  study,  we  conducted  impedance  measure¬ 
ments  on  sealed  commercial  lithium-ion  batteries  cycled  at 
1  C  charge-discharge  rate  to  study  the  cycle  life  of  the 
battery.  Combining  with  XRD,  TEM  and  SEM  techniques, 
the  capacity  fading  process  of  commercial  lithium-ion 
batteries  during  rapid  (1C)  charge-discharge  cycling  were 
investigated. 
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2.  Experimental 

The  lithium-ion  batteries  used  in  this  study  were  prismatic 
Sanyo  UF653467  with  nominal  capacity  of  930  mAh.  The 
charge-discharge  cycles  were  performed  in  pulse  protocol 
under  the  following  regime  [10],  the  battery  was  charged  at 
1  C  average  to  4.1  V,  kept  for  0.5  h  at  the  open-circuit,  and 
then  discharged  at  the  same  rate  down  to  3.0  V.  Impedance 
measurements  of  the  lithium-ion  batteries  at  fully  discharged 
state  were  carried  out  by  a  potentiostat  (EG&G  PARC  model 
273  A),  equipped  with  a  lock-in  amplifier  (EG&G  PARC 
model  521 C)  and  controlled  by  impedance  software 
Model  398.  The  amplitude  of  the  alternating  current  signal 
was  5  mV  over  the  frequency  range  between  65  kHz  and 
25  mHz.  The  cathodes  were  used  as  working  electrode  and 
the  anode  as  both  the  counter  and  reference  electrodes.  All 
measurements  were  conducted  at  room  temperature. 

After  that,  the  discharged  batteries  were  carefully  disas¬ 
sembled  in  an  dry  box.  Both  cathodes  and  anodes  were 
immediately  placed  into  a  diethyl  carbonate  solution  (DEC, 
99+%,  Aldrich)  for  5  h  to  remove  the  lithium  salts  adsorbed 
on  the  electrodes.  The  treated  electrodes  were  dried  in  an 
inert  atmosphere  and  prepared  for  microscopy  examination. 
The  structural  changes  of  the  electrode  materials  were 
investigated  with  X-ray  diffraction  (Cu  Ka  radiation  and 
graphite  filter  at  45  kV  and  40  mA),  and  the  surface 
morphologies  were  observed  by  means  of  a  scanning  elec¬ 
tron  microscopy  (SEM,  Hitachi  S-800).  The  internal  defects 
of  LiCo02  particles  were  observed  using  transmission  elec¬ 
tron  microscopy  (TEM,  JEM  100  C,  operating  at  100  kV 
accelerating  voltage).  Cathode  films  need  to  be  thined  by 
sputtering  before  TEM  observation. 

3.  Results  and  discussion 

3.1.  Cycle  life  of  the  batteries 

The  discharge  capacity  of  the  lithium-ion  battery  as  a 
function  of  the  number  of  cycles  is  shown  in  Fig.  1.  At  the 


Fig.  1.  Cycling  performance  of  lithium-ion  battery  between  3.0  and  4.1  V 
at  1  C  rate. 


Table  1 

Discharge  capacities  of  the  lithium-ion  batteries  with  different  cycle 
number 


Cycle  number 

0  40 

286 

Discharge  capacity  (mAh) 

1005  972 

703 

1  C  charge-discharge  rate,  the  discharge  capacity  of  the 
lithium-ion  battery  quickly  drops.  After  286  cycles,  the 
capacity  of  the  battery  drops  from  1005  to  700  mAh  and 
the  loss  of  capacity  is  not  recovered  even  at  a  lower  charge- 
discharge  rate.  These  results  indicate  some  battery  compo¬ 
nents,  especially  the  interfaces  between  the  solid-electrodes 
and  the  non-aqueous  electrolyte,  are  changed  during 
cycling.  In  order  to  elucidate  these  changes,  the  impedance 
spectra  of  three  lithium-ion  batteries  at  different  cycles  were 
measured.  The  discharge  capacities  of  the  batteries  are  listed 
in  Table  1. 

3.2.  Impedance  studies 

The  impedance  spectrum  of  the  sealed  lithium-ion  battery 
reflects  the  electrochemical  processes  at  the  interfaces  of 
both  the  anode  and  the  cathode.  Therefore,  the  impedance 
parameters,  such  as  charge  transfer  resistance  and  double 
layer  capacitance,  involve  the  interface  properties  between 
anode,  cathode  and  electrolyte.  Fig.  2  shows  the  Nyquist 
plots  of  the  lithium-ion  batteries  in  the  completely  dis¬ 
charged  state  as  a  function  of  cycle  number.  As  described 
by  other  researchers  [9,1 1],  the  Nyquist  plot  of  a  lithium-ion 
battery  is  mainly  comprised  of  an  inductive  tail  at  high 
frequency  followed  by  two  semicircles  at  the  medium  and 
low  frequencies.  It  can  be  seen  that  the  size  of  the  low 
frequency  semicircle  increases  with  the  number  of  cycles. 
Furthermore,  there  is  a  very  small  linear  spike  following  the 
low  frequency  semicircle  in  the  impedance  spectrum  of  the 
new  battery,  which  gradually  disappears  with  increasing 
cycles.  The  medium  frequency  semicircle  is  depressed 
and  has  no  distinctive  change  with  increasing  cycles.  Hence, 
analyzing  impedance  parameters,  especially  the  parameters 
related  to  the  semicircle  at  low  frequency,  is  useful  for 
prediction  of  the  cycle  life  of  a  sealed  battery. 

Rodrigues  [9]  evaluated  the  impedance  parameters  of  the 
lithium-ion  battery  at  different  SOC  using  the  equivalent 
circuit  shown  in  Fig.  3  and  non-linear  least  squares  (NLLS) 
fitting  procedure.  We  have  adopted  the  same  equivalent 
circuit  and  procedure  to  analyze  the  impedance  parameters. 
Since  the  small  linear  spike  following  the  low  frequency 
semicircle  did  not  appear  in  the  Rodrigues’  impedance 
spectra,  we  here  neglect  this  small  feature.  In  Fig.  3,  L  is 
the  inductance  taken  in  parallel  to  a  resistance  RL  corre¬ 
sponding  to  the  high  frequency  inductive  tail  in  impedance 
spectra;  Rn  represents  the  ohmic  resistance  of  the  battery;  Q\ 
and  Q2  are  constant  phase  elements  (CPE),  which  are  taken 
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Fig.  2.  Impedance  spectra  of  fully  discharged  lithium-ion  batteries  with 
different  cycle  number  at  1  C  rate:  (a)  0;  (b)  40;  (c)  286  cycles. 

in  parallel  to  the  respective  resistance  Rt  and  R2  correspond¬ 
ing  to  the  medium  and  low  frequency  semicircles,  respec¬ 
tively  [9].  The  CPE  is  a  very  general  diffusion-related 
element  and  arises  from  the  fractal  nature  of  the  interface 
between  electrolyte  and  electrode.  The  CPE  is  suitable  for  the 
lithium-ion  battery  because  the  electrodes  in  the  lithium-ion 
battery  are  made  from  fine  particles  of  the  active  materials 
and  thus  the  electrodes  are  neither  smooth  nor  uniform.  The 
admittance  representation  of  the  CPE  is  given  by  [12]: 

F*(m)  =  Y0(jco)n  =  Y0con  cos  (y)  +  j  To®"  sin  (y)  (2) 

where  Y0  is  the  adjustable  parameter  containing  the  diffusion 
coefficient  and  other  parameters  which  depend  on  the 
characteristics  of  the  electrochemical  system.  For  n  =  0  it 
represents  a  resistance  with  R  =  Y{)  1 ,  for  n  =  I  a  capaci¬ 
tance  with  C  =  Y\),  for  n  =  0.5  a  Warburg  impedance  and  for 
n  =  —  1  an  inductance  with  L  =  Y{]  1 . 

The  impedance  spectra  parameters  obtained  via  NLLS-fit 
analysis  are  listed  in  Table  2.  Generally,  the  inductance 

Ri  Rj 


Fig.  3.  Equivalent  circuit  used  for  NLLS  fitting  of  the  impedance  spectra 
of  the  lithium-ion  batteries. 


Table  2 

Impedance  parameters  from  the  lithium-ion  batteries  with  different  cycle 
number 


Cycle  number 

0 

40 

286 

Voltage  (V) 

3.66 

3.71 

3.68 

Rl(Q) 

91.275 

54.461 

119.265 

L(iaH) 

2.057 

2.017 

2.227 

1.776 

1.244 

1.121 

Rt  (Si) 

0.036 

0.032 

0.043 

Qi  (iT1) 

2.717 

2.226 

2.984 

»i 

0.461 

0.632 

0.484 

R2  (Si) 

0.061 

0.087 

0.505 

Qi  or1) 

5.712 

5.496 

5.187 

«2 

0.935 

0.901 

0.951 

behavior  of  the  lithium-ion  battery  is  attributed  to  the  porous 
features  of  the  electrodes  [13,14].  Hence,  the  value  of  the 
inductance  L  should  remain  constant  during  cycling  unless 
the  electrodes  were  mechanically  damaged.  In  addition,  the 
parallel  resistance  RL  of  the  inductance  does  not  represent 
any  practical  physical  process  and  is  only  a  schematic 
element  for  the  convenience  of  the  fitting  procedure  [9]. 
This  is  supposed  by  the  random  nature  of  the  values  for  the 
parallel  resistance  RL  in  Table  2.  That  is  to  say,  the  induc¬ 
tance  data  is  irrelevant  in  evaluating  the  cycle  life  of  the 
battery  and  analyzing  other  parameters  of  the  impedance 
spectrum.  Rn  is  the  ohmic  resistance  of  the  battery,  which 
normally  includes  the  resistance  of  the  electrolyte,  current 
collectors,  battery  terminals,  etc.  With  increasing  number  of 
cycles,  it  can  be  seen  that  Rn  decreases  slightly  and  the 
magnitude  of  the  decrease  during  initial  cycling  is  larger 
than  that  during  subsequent  cycling.  Under  the  normal 
charge-discharge  conditions,  the  change  in  ohmic  resistance 
comes  mainly  from  the  electrolyte.  One  possible  cause  is  the 
formation  of  the  passive  films  on  the  surface  of  the  electro¬ 
des  during  initial  cycling.  This  consumes  components  in  the 
electrolyte,  which  causes  an  increase  in  the  concentration  of 
Li 1  in  the  electrolyte  and  improves  the  conductivity  of  the 
electrolyte.  Since  the  passive  film  formation  reaction  is  not 
reversible,  Rn  tends  to  be  smaller  with  the  increased  cycle 
number. 

Although  extensive  efforts  were  made  in  recent  years,  it  is 
impossible  to  determine  which  semicircle  in  the  impedance 
spectrum  corresponds  to  each  electrode  (anode  and  cathode) 
in  the  battery  because  both  electrodes  contribute  to  the 
battery  impedance  and  the  kinetics  of  both  electrode  reac¬ 
tions  are  similar  in  magnitude  [8,9].  However,  from  previous 
research  it  may  be  concluded  that  the  medium-frequency 
semicircle  in  the  impedance  spectrum  arises  from  the  pas¬ 
sive  film  on  the  electrodes,  especially  on  the  cathode  [9,15]. 
Thomas  et  al.  [15]  suggested  that  the  formation  of  a  passive 
film  on  the  cathode  surface  is  responsible  for  the  medium 
frequency  smaller  semicircle,  and  R\  is  the  resistance  of  the 
passive  film  on  the  cathode.  The  formation  of  the  passive 
film  on  the  cathode  is  caused  by  the  high  potential  between 


J.  Li  et  al.  /  Journal  of  Power  Sources  102  (2001)  294-301 


297 


the  cathode  and  the  electrolyte  interface  at  the  fully  charged 
stated.  During  cycling,  this  potential  causes  the  electrolyte 
decomposition  on  the  cathode.  The  fact  that  the  value  of  Rt 
remains  constant  and  small  during  cycling  indicates  that 
the  thickness  of  the  passive  film  on  the  cathode  remains 
constant.  The  change  in  the  constant  phase  element  <2i  is 
also  not  evident.  The  value  of  the  coefficient  n  ,  correspond¬ 
ing  to  Q]  is  close  to  0.5.  thus  <2i  closely  resembles  a  Warburg 
impedance. 

Since  both  the  anode  and  the  cathode  contribute  to  the 
semicircle  at  low  frequency,  R2  should  be  the  sum  of  the 
interfacial  resistances  from  both  the  cathode  and  the  anode 
including  the  surface  film  resistances  and  internal  charge 
transfer  resistances.  An  increase  in  R2  is  observed  during 
cycling  corresponding  to  the  increasing  size  of  the  semi¬ 
circle  at  low  frequency.  Hence  R2  is  useful  in  predicting  the 
cycle  life  of  the  battery.  The  value  of  the  coefficient  n2 
corresponding  to  the  constant  phase  element  Q2  is  close  to  1 . 
Therefore,  Q2  should  be  capacitive  in  nature,  which  slightly 
decreases  during  cycling. 


Table  3 

Relative  change  in  intensity  ratio  between  (0  0  3)  and  (10  1)  plane  of 
LiCo02  cathode  active  materials 


Cycle  number 

0 

40 

286 

Intensity  of  (0  0  3)  plane  7(0  0  3) 

1556.22 

1132.95 

687.30 

Intensity  of  (1  0  1)  plane  7(1  0  1) 

452.42 

449.30 

311.57 

7(0  0  3)77(1  0  1) 

3.44 

2.52 

2.21 

peak  intensity  decrease  would  occur  when  a  cobalt  atom 
occupies  part  of  the  octahedral  sites  of  the  lithium  layer 
[16,17].  Hence,  the  decrease  in  the  intensity  of  the  (0  0  3) 
peak  during  cycling  indicates  that  the  cation  in  the  well¬ 
layered  LiCo02  becomes  disordered  and  a  portion  of  the 
lithium  ions  in  the  cathode  becomes  inactive.  The  cation 
disorder  in  LiCo02  can  be  clearly  seen  using  electron 
diffraction  and  is  suggested  to  come  from  the  strain  cau¬ 
sed  by  the  volume  change  induced  by  the  intercalation- 
deintercalation  of  lithium  ion  during  cycling  [18].  The 


3.3.  XRD  and  TEM  measurements 

X-ray  diffraction  patterns  of  the  cathode  materials  at  the 
discharged  state  with  different  cycle  number  are  given  in 
Fig.  4.  From  the  characteristic  peaks,  it  can  be  concluded 
that  the  cathode  active  material  is  LiCo02,  which  was 
confirmed  by  surface  elemental  analysis.  During  cycling, 
the  characteristic  peaks  of  the  LiCo02  remain  the  same,  thus 
no  new  phase  is  produced.  However,  the  relative  intensities 
of  the  peaks  changed,  indicating  a  change  in  the  structure  of 
the  LiCo02  phase.  Table  3  lists  the  relative  peak  intensity 
ratio  between  (0  0  3)  and  (10  1)  planes.  It  can  be  seen  that 
the  relative  intensity  of  the  main  peak  (0  0  3)  decreases  with 
the  increase  in  cycle  number.  In  the  LiCo02  phase,  alternate 
layers  of  Li  and  Co  cations  occupy  the  octahedral  sites  of  a 
compact  cubic  close  packing  of  oxide  anions.  The  (0  0  3) 


(a) 


CO 

o 
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'  _CD  'T 

1  o  _  ^ 

oSn  C-  LO  p  -—-o'  CO 
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-  *..... . L .  I _ JL . ~A_.  _ k . . 

1  1  (a) 

10  30  50  70 

2  theta  angle 


Fig.  4.  XRD  patterns  for  cathode  materials  cycled  at  1  C  rate:  (a)  0;  (b)  40;  Fig.  5.  TEM  bright-field  images  of  the  LiCoOi  particles  cycled  at  1  C 

(c)  286  cycles.  rate:  (a)  0;  (b)  286  cycles. 
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bright-held  images  of  the  LiCo02  particles  in  a  new  battery 
and  in  the  battery  cycled  through  286  cycles  are  shown  in 
Fig.  5.  Compared  with  the  LiCoCF  particle  in  a  new  battery, 
numerous  cracks  and  pores  (A  point  in  Fig.  5(b))  appear  in 
the  LiCoCF  particle  after  286  cycles.  These  cracks  and 
pores  can  cut  off  the  diffusion  channels  of  Li+  ion  during 
cycling  and  decrease  the  utilization  of  the  active  material. 
In  addition,  the  partial  decomposition  of  LiCoCF  resulting 
from  the  high  potential  when  the  battery  are  in  the  fully 
charged  state  [19]  and  the  passive  film  formation  on  the 
cathode  could  also  contribute  to  the  capacity  decrease  of 
the  cathode. 

X-ray  diffraction  patterns  of  the  anode  materials  are 
shown  in  Fig.  6.  It  is  clear  that  the  anode  is  graphitized 
carbon  because  of  the  strong  (0  0  2)  peak.  From  the  flat 
potential  plateau  in  the  discharge  profile  of  the  battery, 
the  anode  active  material  should  be  graphite.  Both  the 
intensities  and  positions  of  the  characteristic  peaks  of  the 
graphite  electrode  do  not  change  during  cycling.  The  small 
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Fig.  6.  XRD  patterns  for  anode  materials  cycled  at  1  C  rate:  (a)  0;  (b)  40; 
(c)  286  cycles. 
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amorphous  peak  at  about  26  =  20°  in  the  graphite  electrode 
is  also  unchanged,  which  indicates  the  stable  graphitization 
of  the  anode  active  material  during  cycling. 

3.4.  SEM  observation 

The  surface  morphologies  of  the  cathodes  are  shown  in 
Fig.  7.  It  can  be  seen  that  the  active  material  on  the  current 
collector  stays  compact.  The  average  size  of  the  LiCo02 
particles  is  about  1  pm  and  one  layer  of  conductive  additives 
uniformly  wraps  the  active  particles.  The  surface  of  the 
cathode  experiences  no  apparent  change  during  cycling, 
which  is  in  agreement  with  the  stable  R\  in  impedance 
analysis.  However,  gaps  are  observed  on  some  LiCo02 
particles  after  286  cycles.  A  relation  to  the  XRD  and 
TEM  results,  this  is  maybe  due  to  the  strain  induced  by 
volume  change  during  cycling. 


The  anode  active  material  consists  of  larger  particles  than 
those  seen  comprising  the  cathode  and  some  changes  were 
observed  on  the  surface  of  the  anode  with  increasing  number 
of  cycles.  As  shown  in  Fig.  8(c),  many  deep  cracks  appeared 
on  the  surface  of  anode  after  286  cycles  and  a  layer  of 
passive  film  with  a  detectable  thickness  can  be  observed  by 
naked  eye.  After  removing  the  passive  layer,  the  surface 
morphology  of  the  anode  presented  in  Fig.  8(d)  is  similar  to 
that  of  the  anode  in  a  new  battery.  Hence,  the  cracks  on  the 
anode  surface  did  not  arise  from  the  graphite  particles 
themselves  but  from  the  passive  film  on  the  anode.  The 
passive  film  covers  the  surface  of  the  anode  and  continu¬ 
ously  increases  in  thickness  during  cycling.  After  drying,  the 
thick  passive  film  will  break  because  of  higher  stress.  The 
formation  and  increasing  thickness  of  the  passive  film  on 
the  anode  is  due  to  the  continuous  reduction  of  organic 
components  in  the  electrolyte  during  cycling  [20,21]. 


(c) 


(d) 


Fig.  8.  Micrographs  of  anodes  in  the  fully  discharged  lithium-ion  batteries  with  different  cycle  number  at  1  C  rate:  (a)  0;  (b)  40;  (c)  286;  (d)  286  cycles  after 
removing  passive  film. 
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(a) 


(b) 


Fig.  9.  Micrographs  of  the  cross-sections  of  anodes  in  the  fully  discharged  lithium-ion  batteries  with  different  cycle  number  at  1  C  rate:  (a)  0;  (b)  286  cycles. 


Fig.  9  show  the  cross-sections  of  the  anode  after  286  cycle 
and  the  anode  in  a  new  battery.  Obviously,  the  graphite 
anode  on  the  copper  current  collector  is  separated  into  two 
layers  after  286  cycles.  EDS  analysis  indicated  that  the  top 
layer  which  contacts  the  electrolyte  contains  more  P  and  F 
elements  than  the  layer  which  contacts  the  copper  collector. 
It  is  easily  to  understood  that  the  penetration  of  the  electro¬ 
lyte  species  into  the  anode  and  the  passive  film  thickness 
increase  make  the  mechanical  properties  of  the  top  layer  of 
the  anode  be  different  from  the  inner  layer,  and  thus  make 
the  anode  be  separated  at  the  dry  condition. 

The  thicker  passive  film  can  function  as  a  shield  that 
effectively  hinders  the  Li 1  ions  from  penetrating  through  to 
the  active  electrode  [22],  thus  contributes  to  the  increase  in 
the  interfacial  resistance  of  the  anode.  On  the  other  hand,  the 
process  of  passive  film  increase  itself  must  also  cause 
capacity  fade  because  of  the  consumption  of  the  electrolyte 
components.  It  is  not  clear  how  the  increase  of  the 
passive  film  on  the  carbon  electrode  influences  the  capacity 
drop,  despite  the  many  investigations  of  the  irreversible 
capacity  loss  in  the  carbon  anode  due  to  the  formation  of 
a  solid-electrolytic  interface  in  the  initial  charge-discharge 
cycle  [23]. 

In  addition,  it  is  worthy  to  note  which  electrode  contri¬ 
butes  more  to  the  capacity  fade  of  the  battery,  cathode  or 
anode.  Up  to  now,  the  processes  that  are  known  to  lead  to 
capacity  fade  in  lithium-ion  batteries  include  lithium  deposi¬ 
tion  (over-charge  condition),  electrolyte  decomposition, 
active  material  dissolution,  phase  changes  in  the  electrode 
material,  and  passive  film  formation  on  the  electrode  and 
current  collector  surfaces  [24].  Some  researchers  monitored 
the  individual  electrode  charge-discharge  behaviors  and 
measured  the  interfacial  resistances  of  the  electrodes  by 
inserting  a  reference  electrode  into  the  battery  during 
cycling  [6,7,11],  The  conclusions  from  all  of  them  are  that 
the  cathode  determines  the  discharge  capacity  of  lithium-ion 


battery  and  dominates  the  total  interfacial  resistance  of  the 
battery. 

4.  Conclusion 

The  capacity  of  the  commercial  Li-ion  battery  (prismatic 
Sanyo  UF653467)  rapidly  fades  during  cycling  at  1  C 
charge-discharge  rates.  After  286  cycles,  the  capacity  of 
the  battery  dropped  from  1005  to  700  mAh.  The  impedance 
measurements  of  the  batteries  show  that  the  Nyquist  plot  of 
the  commercial  lithium-ion  battery  is  comprised  of  an 
inductive  tail  at  high  frequency  followed  by  two  semicircles 
at  medium  and  low  frequencies.  The  size  of  the  semicircles 
at  low  frequency  continuously  increases  during  cycling, 
which  indicates  the  increasing  interfacial  resistances  of  both 
the  cathode  and  the  anode.  Thus,  it  can  be  used  to  predict  the 
cycle  life  of  the  battery.  Studies  of  XRD,  TEM  and  SEM  on 
the  individual  electrodes  indicate  that  the  formation  of  the 
defects  such  as  cation  disorder  and  cracks  in  cathode  active 
material  LiCoCU  and  the  continuous  increase  in  the  passive 
film  thickness  on  the  anode  due  to  the  reduction  of  the 
electrolyte  are  correlated  with  the  capacity  fade  of  the 
battery  during  cycling. 
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